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Experiments conducted by the Defense Nuclear Agency provide an adequate basis for describing the fragment distribution and number from hypersonic collisions.
Experiments conducted by the Defense Nuclear Agency (DNA) provide a basis for describing the number and distribution of fragments and from hypersonic collisions. The tests were performed under a variety of conditions by a number of organizations. The full set of data is recorded in a summary report, which is reviewed below. The data are then analyzed for trends and significance, and the adequacy of various representations is discussed.
the name and number of each test, a brief description of the target, and the main experimental parameters, which are the projectile velocity and mass, target mass, and fraction of mass collected. It also gives the main derived quantities, which are the ratio of target to projectile mass, projectile kinetic energy, and the ratio of kinetic energy to target mass, which is a rough measure of the specific energy available for fragmentation.
identified by solid squares is for the velocity in k d s , which averages about 6 km/s, limited by the rail guns used. They are somewhat below average orbital collision velocities2with the exception of the German FRGITS 1,2,3, and D (the developmental shot), which were at 10 k d s . The Battelle tests are part of a test of scaling at below average orbital velocities.
Most of the satellite mock ups in the Satellite Orbital Debris Characterization Impact Test
(SOCIT) used masses of a few tens of grams, but the early GRC 381 and 385 used a few tens of grams and the Battelle tests used a few hundred grams. The projectile masses varied accordingly. The average was on the order of 100 grams, excluding the 16 kg P 78 projectile, but the GRC 381 and 385 projectiles were only two grams, the Battelle projectiles about four, and the FRGITS projectiles about 10 grams.
The average collection fraction is about 50%, with the exception of GRC 385, CU 5272, and the Battelle tests, which approached 100%. With them, the average is about 66%. If there is any correlation, it appears to be that the experiments with the smallest projectiles and targets give the highest fraction of fragment mass recovered, which is counterintuitive.
Test data taken from the DNA summary report1 are summarized in Table I , which gives Figure 1 plots the test parameters as a function of test name and number. The line Target masses vary from a few tens of grams to almost a ton for the on-orbit ASAT test P Figure 2 shows the derived parameters as functions of test name and number. The top line, the ratio of target to projectile mass, has an average of about 300. If the small-projectile FRGITS experiments are omitted, the average is about 100. However, the FRGITS experiments are useful, in that their mass ratio of about 2,000 is roughly the average ratio for all fragment collisions on orbit.3 The GRC tests are also useful in that they explore fragmentation at the mass ratio of 30-40 characteristic of catastrophic collisions on orbit.
The kinetic energy of the projectile varies primarily with its mass, although the high velocity of the FRGITS experiments compensates for their small projectile masses. The lower velocities used in the Battelle decrease the kinetic energy available. The ratio of kinetic energy to target plus projectile mass is about 0.1 MJkg for the satellite mock ups, as well as for the PSI, AFA, and first Battelle test. The GRC spherical tank experiments had a value of about 1 M J k g , which is an order of magnitude larger. FRGITS 1,2, and 3 had a ratio about of about 0.1 MJkg, which is an order of magnitude smaller. The FRGITS development test D had a value of about 1 MJkg, which makes it a useful contact with the lower velocity GRC experiments. The Battelle experiments had a ratio that varied systematically from 0.1 to 0.01 MJkg.
Scaling parameters. Two important products of these tests are A and B, the parameters used to represent the cumulative number of fragments with mass greater than m, which is where Mt is the target mass, which is approximately the total mass of fragments. The values of B can be inferred for each experiment of known target and projectile masses from the slope of the plot of In C versus In m; A is determined by the intercept. The values inferred from each experiment are shown in Table II Correlations. In evaluating these tests, it is useful to look for correlations of the parameters with the test and derived parameters. As B is more important in determining the distribution and number of fragments, the discussion below concentrates on it. Figure 5 shows B as a function of V for the various tests, which can be identified by V on Table I . B increases roughly as the square root of V up to about 6 k d s , after which the values fall. The FRGIT 1,2, and 3 values Of 4.3-4.6 are much lower, although that is in part due to the correlation with target to projectile mass ratio discussed below. However, the FRGJT D developmental test, which has a mass ratio of 41 typical of the GRC tests, has a value of B = 0.67, as does the P 78 ASAT test, which has the largest masses at orbital velocities. ratios below 0.1 Mjkg, and a saturation at about 0.7 for larger values. The outlying point of B = 0.79 at a ratio of 0.015 Mjkg is CU 527 1, which was re-tested at CU 5272 for the same values, giving a value of B = 0.45. around a value of 0.7. The five points at a mass ratio of 75 are the Battelle experiments at below orbital velocities, which reflect the velocity correlation exhibited in Fig. 5 . The value of 0.45 at a ratio of 380 is the re test CU 5272 discussed above. The three points at about 0.45 at mass ratios of about 2,000 are FRGITS 1,2, and 3, which are at roughly the average mass ratio of all debris collisions. Figure 6 for B versus the ratio of kinetic energy to target mass shows a similar increase at Figure 7 shows B versus the ratio of target to projectile mass. Many of the points lie It is difficult to see any direct correlation between test conditions and collection, except that, as noted above, the smaller experiments reported larger collection fractions. The correlation of collection efficiency with B is shown in Fig. 9 , which indicates that the majority of the tests with high collection efficiency gave B smaller than the mean of 0.62 and that the majority of the tests that gave values larger than the mean had collection efficiencies of 0.45 to 0.5 The only significant statistic is that B varies inversely with collection efficiency, the reason for which is not obvious. The accuracy of the SAB representation is implicit in the discussion above: it agrees precisely with the mean value of B, but does not attempt to capture all of the variances. Calculations are, however, performed in a manner that reflects the reduction in the value of B at large ratios of target to projectile mass.
SOCIT tests proper. If applied to this subset, the SAB process would produce the average value of B = 0.69 shown. The FAS'IT model predictions are compared with the experimental data in Table IILA , where they are indicated by Af and Bf. The former shows much less variation than the experimental A; its mean value is about 20% below that of the data. B also shows less variation; its mean is about 1.5% below that of the SOCIT data. However, Fig. 10 shows that this modest error in Bf averages over variations from +6% in SOCIT 3 (MOCK 2 Oscar) to -13% in SOCIT 4 (Oscar). That range of 19% in primary experiments is almost as large as the full variance at issue in model comparisons.
1, which is shown in the right column of Table IILA and displayed in Fig. 11 . The EVOLVE value systematically overestimates B for tests with B less than 0.75, culminating in a 67% overestimate of the value for CU 5272, which results in an average overestimate for the SOCIT subset of about 8.3%.
The FAS'IT model is trained on a subset of the full set of the test data related to the The NASA JSC EVOLVE calculations value of B = 0.75 gives a relative error of 0.75/B -
The tests excluded from the full set to form the SOCIT subset are shown in Table III . There are twelve tests, including the FRGITS higher than orbital velocity, Battelle lower than average velocity, one each of the GRC and CU tests, and the AFA test. For this subset the SAB procedure gives an average value of about 0.56 The FASTT predictions for this case were not given, although having been trained on the S K I T subset, it would be useful to have its predictions for the excluded subset.
in Fig. 12 . They systematically overestimate B below for all but the one point above 0.75 by fractions ranging up to 6040% for B = 0.4 to 0.5, the most likely values in this subset. The overall average error is about 42%, as shown.
The EVOLVE relative errors are shown in the right column of Table II . B and displayed When the 8% error for the SOCIT subset and the 42% error for the excluded data set are averaged, the overall average EXCEL error in B is about 26%. The mean of the SOCIT subset in turn overestimates the average B for the full test sample by about 0.69/0.62 = 11%. Thus, there are two issues in using the EXCEL constant B = 0.75 to represent the full test data set: 1. It overestimates B for the SOCIT subset for which the FAS'IT mean is reasonably accurate, and 2. the SOCIT subset is not representative of the full data set. That may be useful for training for some purposes, but the exclusion of all tests with values much above and below the average collision speed produces a value of B that is not appropriate for averaging over debris distributions to produce fragment production.
Summary and conclusions. Experiments conducted by the DNA provide a basis for describing the number and distribution of fragments and from hypersonic collisions. The full set of data recorded in a summary report is reviewed, analyzed for trends and significance, and the adequacy of various representations is discussed. The test data can be characterized by the parameters A and B. The former has greater variance, but is less sensitive in predictions of debris. The latter has less variance but greater sensitivity. The distribution of B is shown to be bimodal, to have saturating variation with V and specific kinetic energy, and little systematic variation with the ratio of target to projectile mass below about 1, OOO. Collection efficiency varies widely, averages about 50%, and shows little correlation with B. The FASTT model reproduces the SOCIT data for which it is trained; the NASA JSC EVOLVE prescription overestimates it by about 8%. For the remainder of the test data, the EVOLVE prediction of B is about 42% high, for an overall average of about 26%.
overestimates B for the SOCIT subset and that the SOCIT subset is not representative of the full data set. The selection process for the SOCIT test set includes primarily those tests with large values of B and excludes those with values smaller than the average of the full test set. The exclusion of all tests with values much above and below the average collision speed produces a value of B that is not appropriate for averaging over debris distributions to produce fragment production.
The two issues in using the EXCEL B = 0.75 to represent the full test data set are that it DNA 
